Hypothesis: The goal of this study is to analyze the 3-dimensional anatomy of the cochlear spiral and to investigate the consequences of its course to insertion trauma during cochlear implantation Background: Insertion trauma in cochlear implant surgery is a feared surgical risk,
Introduction
All currently available commercial cochlear implants (CIs) use an array of electrode contacts mounted on a silastic carrier, which is surgically inserted into the scala tympani (ST) via the round window or a cochleostomy created nearby. The electrode array typically extends for some 20-28 mm from the cochleostomy, depending on device used.
Some electrode arrays are "straight" in that, after insertion, they tend to lie along the lateral wall of the ST, whereas other "perimodiolar" designs incorporate a pre-curved shape such that, after insertion, they are located along the medial wall, that is, closer to the target neural elements (spiral ganglion neurones).
It is well known that opening of the cochlea and insertion of the array causes damage to the cochlear structures, the effects of which are most obviously observed as deterioration of residual (acoustic) hearing thresholds. This is clearly an area of concern, and a considerable number of studies have focused on insertion trauma in cochlear implant surgery. The major concern is that damage to sensitive cochlear structures might cause degeneration of spiral ganglion cells, as has been shown in animal studies. [1, 2] Although the effect of trauma in human cochleae is largely unknown, it seems reasonable to believe that preservation of neural structures is critical for both short-and long-term performance. In profoundly deaf individuals, loss of any residual functioning hair cells is probably of little consequence. However, relatively serious damage, particularly involving rupture of the basilar membrane, also produces death of spiral ganglion cells and displacement of the array may result in undesirable modi¿ cation of the match between the tonotopic orientation of the array and the organ of Corti. In the case of electric acoustic stimulation -a method that combines electric stimulation of high frequency portions of the cochlea with ampli¿ ed acoustic stimulation of low-frequency hearing -cochlear trauma will contribute signi¿ cantly to success or failure of intraoperative hearing preservation. [3, 4] Taking into consideration that many infants and young children receive a cochlear implant, it must be ensured that neural degeneration is minimized. Current devices are anticipated to remain functional for many years, but for these recipients revision surgery must be expected at some stage in their life.
Reimplantation would be expected to be problematic if the original implantation has caused damage to the cochlear structures. Alternative therapies, such as stem cell therapy are also currently under development and it is likely that the less damage has been done, the better the chances of bene¿ t from these new techniques will be.
To minimize trauma to the basilar membrane, the osseous spiral lamina, the spiral ligament, and Reissner membrane modern electrode designs have incorporated vertical stiffness of the electrode carrier whereas horizontal movements are kept more À exible. In this way, upward excursion of the electrode array is reduced. Despite these adjustments, insertion trauma is repeatedly reported to occur at speci¿ c locations, notably at the base [5, 6] , at approximately 180 degrees [7] [8] [9] [10] and in deep insertions of more than 400º.
[ [11] [12] [13] Trauma at the base has been related to surgical technique [6, 14, 15] , whereas a mismatch in electrode array size and volume of the scala tympani might cause trauma at the upper levels [11] . Studies of the detailed anatomy of the scala tympani have previously focused on the height, width and cross-sectional area [16] [17] [18] [19] of the scala tympani, with variable ¿ gures reported. Hatsushika et al. [19] reports a rapid decrease of dimensions within the ¿ rst 1.5mm from the round window, followed by a gradual reduction. Others have reported non-monotonic tapering with some expansions of the scala tympani along its path.
As an electrode array is inserted, it will tend to follow the lateral wall of the ST much of the time. At some points, it may also contact the superior surface of the ST (i.e., vicinity of the basilar membrane) or the À oor of the ST, but is presumably less likely to impact the medial wall. There may be irregularities along any of these surfaces, but it seems logical to assume that signi¿ cant trauma is most likely as a result of contact with the basilar membrane, where membrane rupture and/or electrode excursion out of the ST will have major consequences.
Little is known about the rising course of the cochlear spiral. In this study we will investigate the steepness of the cochlear spiral based on micro-computed tomographic (CT) images, to test the hypothesis that irregularities in the rising course will occur at similar points to those reported to produce resistance during surgical insertion. A line from the intersection of the z-axis and the basal turn to this starting point de¿ ned the x-axis. This approach is similar to the method described by Skinner et al. [20] used to evaluate insertion depths of cochlear implants.
To detect the central path, a combination of well-known image processing techniques was applied. First, the skeleton of the segmented cochlear duct was evaluated (¿ gure 1C): [21] [22] [23] the boundaries of the segmented cochlea were eroded until only a skeleton consisting of 1-dimensional branches was left (¿ gure 1C).The skeleton of such anatomic data can be extremely noisy due to irregularities on the surface. Our goal was to ¿ nd the central path along the cochlear turns within this skeleton, which links the starting point at the round window with the target point at the apex. First, to get rid of the noise, a distance map was evaluated: minimum distances of each skeleton voxel from the surface were assessed. Thus, the most central voxels within the skeleton showed a longer distance to the closest surface points than the more peripheral voxels within the skeleton (¿ gure 1D). Finally, the wave-prop technique [24] was applied to remove the side branches and ¿ nd the central path. A wave is propagated through the skeleton starting at the voxel closest to the starting point: at each location, the wave 
Data Analysis
The aim of the analysis was to determine the most likely positions at which a cochlear implant might induce pressure on cochlear structures, such as the basilar membrane and the wall of the scala tympani. The pressure points on cochlear structures during electrode insertion could be caused by deviation of the cochlear duct from a smooth trajectory.
With a rapid increase in vertical elevation of the cochlear lumen, the orientation of the array will be altered: because of the interaction between the tip of the electrode array and the À oor of the scala tympani the tip will bend upwards. If the vertical elevation drops the implant will adjust its course as a result of pressure against the basilar membrane (¿ gure 2). To localize the potential pressure points of the cochleae under study the z-coordinate pro¿ les of the central paths were analyzed. Skinner et al. [25] has reported that the centroid line falls approximately at the junction of the basilar membrane and osseous spiral lamina. The direction followed by a cochlear implant during insertion was estimated by a linear regression line, measured over a distance of approximately 2 mm along the cochlear lumen, from a certain point within the cochlea to the basal end of the cochlea. The optimal direction for the implant to follow from this point onward was estimated by a linear regression line from that point towards the apex. The difference between the two slopes was used as an estimation of the 'bend' that the implant needs to make at that point in the cochlea. This bending pro¿ le shows clear maxima. These are used to de¿ ne the bending points, that is, the points where the implant makes the largest vertical changes in direction during insertion. The course of the path was expressed in function of longitudinal distance. At the bending points recalculations towards angular cochlear coordinates were performed.
The analysis was automated using Matlab (MathWorks, Inc. Natick, MA, USA) with curve ¿ tting toolbox. Statistical analysis was performed with probability measures. A downward slope will redirect the course of the implant because of pressure at the upper limit or basilar membrane. A steep upward slope will provoke the tip of the electrode to press against the À oor of the scala tympani and bend upwards. 
Discussion
Insertion trauma during cochlear implantation is an important and extensively studied complication because of its potential impact on the short term as well as for long-term speech performance. Insertion trauma is repeatedly reported to occur at three speci¿ c locations: at the base of the basal turn of the cochlea, [5, 6] at approximately 180 degrees [7] [8] [9] [10] and in deep insertions over 400 degrees. [11] [12] [13] This corresponds well with the ¿ ndings of bending points and therefore potential pressure points along the cochlear spiral reported in this study. The assumption is made that the course of the basilar membrane follows the course of the cochlear lumen. This approach was taken because future clinical application in CT scans will also be at the level of the total cochlear lumen, as the basilar membrane cannot be discerned at those images. Detailed analysis of our data in regard to the position of the BM in relation to the central path has been performed based on the diameter of the scala tympani as part of a study where clinical CT and micro-CT data are compared in detail and will be reported separately.
It con¿ rmed a rapid decrease of dimensions in the proximal basal turn as reported by
Hatsushika et al. [19] In agreement with ¿ ndings of Skinner et al. [25] have been proposed to decrease the risk for trauma: [6, 14] creating a cochleostomy by removal of the À oor of the niche, combined with a superior-to-inferior insertion angle has been favored over an anterior cochleostomy. By the inferior approach and downward pointing the electrode array is directed in line with the longitudinal axis of the cochlea and avoids damaging the basilar membrane at the short descending slope in the proximal cochlea. Huttenbrinck et al. [5] reported that damage at the base is more likely to occur after forced deep insertion. It seems likely that in this case the increased strain to the pressure point at the À oor of the scala tympani puckers up and pushes the electrode array upward through the fragile basilar membrane.
Within the second half of the basal turn a pressure point at the basilar membrane is found at 180 to 225 degrees or 12 to14mm shortly thereafter, followed by a pressure point to the À oor of the scala tympani. Most likely, the implant will follow its straight course along this short dip with the risk of piercing the basilar membrane. This has been reported more often for implants with small-sized electrode carriers than for large sized ones. [8] [9] [10] If the array passes this region without damaging the basilar membrane the electrode array presumably contacts the À oor of the scala tympani which is more resistant to trauma. It is not clear whether the increased vertical stiffness present in some electrodes prevents upward motion at this point or if it increases the risk for basilar membrane trauma just before this point at 180 to 225 degrees.
At the junction between the second and apical turn an increase in steepness of the spiraling cochlear canal is seen, resulting in pressure points on the À oor of the scala tympani at the level of 405 to 450 degrees or at 18-to 22-mm distance from the round window. In surgical reports it is often described that a resistance is felt during insertion within the ¿ rst turn of the cochlea at approximately 17 to 21mm. [26, 27] Insertion trauma at this level has been ascribed to the decrease in size of the scala tympani and the concomitant mismatch of the electrode array. However in the human scala tympani a plateau [17] or even increase in height of the scala tympani [16, 18, 19] Possibly a long and soft tip would be more appropriate to follow the cochlear slopes. It seems plausible that arrays with smaller electrodes would pass the regions of pressure points more easily.
Evaluation of cochlear trauma in patients has been assessed by fusion of clinical imaging datasets to a single template unimplanted ear scanned with micro computed tomography and orthogonal-plane À uorescence optical sectioning microscopy. The latter was used to determine the midmodiolar axis (z-axis in the 3-D cochlear coordinate system). [20] Our results however show individual differences of cochlear morphology in the 8
specimens. This indicates that the z-coordinate should be applied individually to achieve accurate estimations of basilar membrane trauma.
Conclusion
Insertion trauma due to cochlear implantation has repeatedly been reported to occur at the base, at approximately 180 degrees and in deep insertions of more than 400 degrees.
Our data favor the idea that the intrinsic cochlear morphology with its non-continuous spiraling path contributes to the risk for trauma at these speci¿ c locations. To determine the exact position of a cochlear implant within its 3-D environment, an individually appointed z-coordinate has to be applied before accurate estimations of BM perforation can be made on the basis of pre-and post-operative multislice CT scans. 
